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Abstract The causes of damage observed in archeo-
logical records or preserved monuments are often dif-
ficult to be determined unequivocally, particularly
when the possibility of secondary earthquake damage
exists. Such secondary damage has been previously
proposed for the Roman Praetorium, the governor’s
palace in the center of Cologne. Ongoing excavations
since 2007 revealed additional damage. The existing
ground that has been uncovered and documented
extends the affected area to 175×180 m. We present
a comprehensive virtual model of the excavation area
based on 200 3D laserscans together with a systematic
analysis of the damage patterns and an improved mod-
el of the terrain during Roman/Medieval times includ-
ing geotechnical parameters of the subsurface. Five
locations with different damage patterns, including a
Roman sewer, the octagonal central part of the
Praetorium, a section with strongly inclined massive
walls, a 13 m deep deformed well, a collapsed hypo-
caust, and damages in the Medieval mikveh are ana-
lyzed in detail. We use site-specific synthetic strong
ground motion seismograms to test the possibility of
earthquake-induced ground failures as a cause for the
observed damage. This subsurface model is also used
to test the possibility of hydraulically-induced dam-
ages by seepage and erosion of fine-grained material
from stray sand. Heavy rainstorms can induce a direct
stream of surface water through the fine sand layers to
the ground water table. Simulated ground motion for
assumed worst-case earthquake scenarios do not pro-
voke slope instability at the level necessary to explain
the structural damages.
Keywords Archeoseismology . Earthquake .
Laserscanning . Slope stability . Seepage . Lower Rhine
Embayment . Cologne
1 Introduction
An unequivocal cause of damage observed in archeo-
logical records or preserved monuments is often diffi-
cult to determine. Various natural causes may result in
similar damage patterns (Galadini et al. 2006), and
anthropogenic action can also produce similar-
looking damage or deformations (Nikonov 1988). If
targets of archeoseismological studies are being exca-
vated in an ongoing project, it follows that major
anthropogenic actions have not occurred since cover-
age of the targets. Unless located directly on a fault
zone (Ellenblum et al. 1998; Meghraoui et al. 2003;
Marco 2008), earthquake ground motions affecting a
specific location after the burial of the objects are not
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generally responsible for significant altering of such
buried targets. Preserved monuments, however, which
have been visible and accessible at the surface since
their construction could have suffered subsequent
damage or deformation. In addition, anthropogenic
alterations could have occurred throughout the history
of the object including restorations, construction of
more recent buildings, and architectural modifications
to permit a different use (Galadini et al. 2006).
Prominent examples of such monuments are the
Parthenon in Athens and the Colosseum in Rome.
Compared to such large architectonical structures for
practical use, grave houses, large sarcophaguses, and
other structures of necropolises are less likely to be
used for purposes other than their original intent.
However, numerous examples show that such struc-
tures were often the target of looters, sometimes im-
mediately subsequent to construction, sometimes late
in the objects’ history (Hinzen et al. 2010). In cases
where both natural and man-made causes of damage
or deformation are possible (Guidoboni 2002;
Ambraseys 2005; Galadini et al. 2006), both kinds of
sources should be parameterized and modeled, thereby
necessitating construction of an appropriate parameter
space to test the plausibility of competing hypotheses.
The Cologne Praetorium, the palace of the Roman
governor of the province of germania inferior, was
initially excavated and partially preserved in the
1950s. All modern buildings in this area had been
destroyed during WWII aerial bombing and Roman
foundations were exposed during the construction of a
new city hall. These foundations and remaining parts
of the standing walls show severe structural damage,
especially concentrated at the central octagonal part of
the former building. The remains of the Praetorium
include walls from four building phases (I to IV)
between the first and the fourth century CE; however,
only the best-preserved walls dating from phases III
and IV show significant damage.
The early excavators (Precht 1973) assumed
slow static settlements due to a weak subsurface
and inadequate building technique as the main
cause of the breakdown of wall sections. Hinzen
and Schütte (2003) argued for a more sudden
event that affected the building ground and subse-
quently the integrity of the structure. They found
arguments for secondary earthquake damage, how-
ever also pointed out the need to test for possible
hydrologic causes.
Since 2007, extensive excavations immediately
south of the Praetorium and of a newly excavated
section of a Roman sewer north of the Praetorium
provided an opportunity to collect data from a hitherto
inaccessible section of the subsurface. The current
excavation area (Schütte and Gechter 2011) includes
the Medieval Jewish quarter of Cologne, which hosted
one of the earliest Jewish communities in Europe.
In this study, we (1) present a comprehensive vir-
tual model of the archeological inventory in a 175×
180 m area that includes the Cologne Praetorium
based on detailed laserscan measurements, (2) quan-
tify the damage to selected subsections, (3) use an
improved seismotectonic model to calculate site spe-
cific synthetic seismograms for deterministic earth-
quake scenarios, (4) test the static and dynamic
stability of the subsurface, (5) simulate seepage during
heavy rain storm cycles to test for possible internal
suffusion and erosion processes, and (6) review aerial
surveillance photos taken after WWII bomb attacks.
2 Location
2.1 Tectonic and seismicity
The study area in the city center of Cologne is located
in the eastern part of the Lower Rhine Embayment
(LRE; Fig. 1). The LRE is part of the Rhine–Rhone
Rift system. The current period of tectonic movements
in the LRE is closely related to the late Tertiary graben
structures and started with small but widely distributed
displacements along faults in the late Miocene. During
the Pliocene, faulting was more intense and cumulated
in late Pliocene and early Pleistocene. Considerable
synsedimentary and intersedimentary crustal displace-
ments occurred in the Quaternary when the Older and
Younger Lower Terraces of the Rhine and Meuse
(Maas) River were accumulated (Ahorner 1962;
Hinzen and Reamer 2007). The main faults with a
cumulative length of more than 400 km are generally
directed in a NW–SE strike. The LRE shows moderate
seismicity in present and historic times (Fig. 1).
Instrumentally observed earthquakes in the LRE in-
clude the 1992 MW 5.4 Roermond earthquake
(Camelbeeck et al. 1994). The strongest historically
documented earthquake in the area is the 1692 Vervier
earthquake west of the LRE with an estimated magni-
tude of MS 6 ¼ (Camelbeeck et al. 2007; Alexandre et
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al. 2008). A Gutenberg–Richter seismicity model of the
area predicts an occurrence of 8.65×10−4 for a MW 6.0
earthquake (Reamer and Hinzen 2004). Palaeoseismic
studies and the extension of active fault segments indi-
cate maximummagnitudes ofMW 6.8–7.0 (Camelbeeck
and Meghraouhi 1998; Vanneste and Verbeeck 2001;
Vanneste et al. 2001; Ahorner 2001; Schmedes et al.
2005; Hinzen and Reamer 2007). The main earthquake
activity in recent and historic times is found in the
western part of the LRE, while Weber and Hinzen
(2006) showed evidence for recent seismic activity east
of the Rhine River in the form of several microearth-
quakes. It should be noted that Vanneste et al. (2012) do
not include these faults reported in Fig. 1b among those
of their new active fault model.
2.2 History and archeological setting
The northward extension of the Roman Empire in the
last century BCE and the first century CE produced
enormous building activity, and some well-preserved
buildings from this period exist in central Europe.
During the Roman period, building activity boomed.
Agrippina, the wife of the Emperor Claudius, made
her birth town in 50 CE a colony with the name
Colonia Claudia Ara Agrippinensium (CCAA), and
the inhabitants became Roman citizens. The name
‘Claudia’ goes back to the family of the ruling emper-
ors, the Claudians; “Ara” refers to Ara Ubiorum, the
name of the main altar of the Germanic province, the
germania inferior (La Baume 1980). The settlement
was located on a plateau of 1 km2 of the Lower
Terrace, ca. 14–16 m above the Rhine River and safely
above the level of flooding (Gechter and Schütte
2000). To the east, an arm of the Rhine River bordered
this settlement. The city walls of the Oppidum
Ubiorum were laid out in a rectangular pattern similar
to Italian Roman town foundations, while the city
walls of the second half of the first century CE fol-
lowed the irregular pattern of the terrace edges
Fig. 1 a Location of the map shown in b within Europe. b
Seismicity and active faults (black lines) in the Lower Rhine
Embayment. Historical, early instrumental, and recent earth-
quake epicenters are color coded as shown in the legend. The
location of the study area in Cologne next to the Rhine River is
indicated by the black rectangle. c Overview of the study area;
the major contours of the Roman and Medieval constructions
are shown in red
J Seismol (2013) 17:399–424 401
(Doppelfeld 1956). At the riverbank, the city wall
(Fig. 1) did not follow the terrace edge but was placed
right at the waterline. The investigated structures are
located on this terrace and in the area of the slope
towards a former side arm of the Rhine River.
A summary of the history of the archeology of the
area is given by Schütte and Gechter (2011). Already
in the thirteenth century people building a new house
opposite the city hall were aware that this new struc-
ture was founded on Roman walls. Weinsberg
(Höhlbaum 1887) described in 1570 Jewish and
Roman foundation walls on the town hall square.
Gelenius (1645) published an inscription that gave
clear reference to the Cologne Praetorium. During
construction works on the town hall between 1861
and 1865, subsurface walls were recognized as those
of the Roman Praetorium and Schultze et al. (1885)
closely examined these walls, but they interpreted
them as Franconian.
Due to the more than 95 % damaged part of down-
town Cologne, intense construction work was initiated
after WWII. During the excavations for a new admin-
istration building at the location of the destroyed
“Spanischer Bau,” monumental walls were discov-
ered, and for which the archeologist Doppelfeld
(1956) was urged to complete the excavations of in a
mere 6 months. Luckily, the City Council decided to
preserve the northern part of the new archeological
findings of the Roman Praetorium underneath a self-
supporting arced reinforced concrete ceiling. Additional
excavations mainly south of the Praetorium were made
subsequently by Precht (1973) who also gave a detailed
description and interpretation of the building sequences.
Recently, an open plan for an extension of the existing
museum underneath the town hall was revived. In 2007,
further excavations started and are ongoing at the time
of the writing of this paper. The new excavation area
(Fig. 1) includes the Medieval Jewish quarter of
Cologne with a synagogue, a mikveh, a hospital and
numerous residential buildings.
3 Studied structures
Figure 1c shows a plan of the main structures of the
study area, which are from north to south: the northern
main sewer, the Praetorium including the octagonal
shaped central tower, the so-called Porticus with the
Jewish hospital adjoining a massive Roman wall, a
Roman well, the Medieval synagogue complex with a
large cesspit, a buried collapsed hypocaust, a de-
formed structure underneath the women’s synagogue;
the mikveh with damaged walls in a former entrance,
and the residential area with a deformed staircase of
Late Medieval. While the western part of the northern
sewer and northern two thirds of the Praetorium were
already preserved and open to the public, all other
structures became accessible during the recent and
ongoing excavations for the construction of the
Archaeological Zone Cologne. The excavation is
unique: it is located right in the center of a megacity
and covers 2,000 years of building history. It is in parts
more than 10 m deep, includes effects of several
pogroms (i.e., 1096, 1349) and wars, especially heavy
damage during WWII, and thus constitutes a challenge
for archeological and archeoseismological work.
3.1 3D laser scan model
We used the laser scanning technique to create a
comprehensive virtual model (CVM) of the remains
of the whole excavation complex (Schreiber et al.
2009, 2012; Schreiber and Hinzen 2011). In full reso-
lution, the CVM contains 2.3 billion georeferenced 3D
points. Special challenges included the repeated scan-
ning of the 8.3 m deep cesspit during its excavation
(Schreiber et al. 2012) and the 13 m deep Roman well
(Fleischer et al. 2010). The CVM enhances visualiza-
tion and quantification of the damage found in the
study area, which were previously described (i.e.,
Doppelfeld 1956; Precht 1973; Hinzen and Schütte
2003), as well as damage described here for the first
time in their archeoseismological context. The damage
includes (1) cracked foundation walls, (2) subsided
structures, (3) tilted structures, (4) opening of horizon-
tal gaps, (5) deformed structures, and (6) a collapsed
hypocaust.
The aerial photo in Fig. 1 shows the current build-
ing locations in the city center of Cologne together
with the outline of the Roman and Medieval structures
discussed in the following.
3.2 Northern sewer
The sewer north of the Praetorium (Figs. 1 and 2), part
of the sophisticated Roman dewatering system of the
city, was built in the first century CE, with the western
section prior to the founding of the colony (50 CE).
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The construction of the Roman city wall made an
eastward extension of the sewer necessary. This ex-
tension is linked to the western section through a
construction joint. While the roof of the western sec-
tion is made from tuff blocks, opus caementicium was
used in the extension. Recent excavation of sediments
in the eastern section of the sewer (Fig. 2) indicates
that maintenance of the sewer stopped in last quarter
of the fourth century CE (Schütte und Gechter 2011)
and that it was quickly filled after its abandonment
with fine-grained sediments and trash. Parts of the
fine-grained layers show signs of remobilization after
the initial deposition (Fig. 2).
The 115 m long western section that is already part
of the existing Praetorium museum was completely
scanned with 26 single scans. The initial excavation
of the eastern section had to be discontinued due to
static stability concerns and only an emergency scan
campaign has so far been possible. A total of 24 cross-
sections through the virtual model of the western
sewer section were compared to a master crosscut in
order to quantify any deformations. These were main-
ly found in the tuff block roof (Fig. 2). Several of the
northern neighboring blocks of the center stone are
dislocated inwards. For each cross-section, the ideal
shape of the sewer at this position was reconstructed
based on the width of the construction and the height
of the sidewalls. Inward and outward deviations of the
measured cross-sections from the ideal shape were
quantified through the residual areas that measure on
average 6.4±2.8 % of the total cross-section. If only
the roof is taken into account, the residual area was
found to be 9.3±5.3 % of the total cross-section.
The opus caementicium roof of the eastern sewer
section rests on walls made from large 0.6×1.2 m tuff
blocks. A massive crack cuts through the roof, parallel
to the trend of the sewer over a length of at least 14 m;
it displaces the roof by up to 0.15 m, and the cross-
sections from the CVM indicate a clockwise rotation
(view to the west) of the northern half of the roof. In
addition, the archeologists found several large patches
of rock that were detached from the tuff blocks, main-
ly at the lower part of the walls. These shell-like
patches were still in situ and held in position by the
sediments, indicating that the detachment occurred
after the sedimentation process. Patches of the roof
were found on top of the Roman sediments: however,
they were not sunken into these layers at all (Schütte,
personal communication), also indicating a damaging
event after the accumulation of the sediments. The
sediments, at least in one section, show signs of
reworking after the initial sedimentation (Fig. 2).
All four damage patterns (1) cracked roof, (2) dis-
placed roof blocks, (3) detached shells of the vertical
Fig. 2 a Perspective view on the virtual model of the western
section of the Roman sewer in Cologne. b Photo looking west
into the top of the eastern section of the northern sewer. Arrows
indicate the vertical displacement along the cracked roof. c
Photo of a profile through the sediment fill in the eastern section
of the Roman sewer after maintenance ceased; white lines sep-
arate four deposition layers and red arrows indicate remobilisa-
tion (photo courtesy of Archäologische Zone Köln)
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blocks, and (4) reworked sediments in the sewer can
be interpreted as a response to dynamic ground
motions during an earthquake. However, all four pat-
terns can also have different causes. The level of the
sewer shows that it was frequently flooded during high
waters of the Rhine River; this happened at least five
times during the past 20 years. Flood events early after
the first sedimentation can have caused liquefaction
without ground shaking and mobilized the unconsoli-
dated sediments (Niemi and Marco 2011, personal
communication). Martel (2011) found prominent shal-
low surface-parallel fractures in rock and that com-
pression parallel to a convex surface can cause
subsurface cracks to open. On the other hand, even
after the maintenance stopped and the sewer was filled
with sediments, it stayed constantly moist. Therefore,
alteration of the tuff material due to moisture and
water saturating the lower parts of the sediments can
have caused the detachment of the shells (Stück et al.
2008). If parts of the roof in the eastern section broke
off coseismically, they should have been found em-
bedded in the mobilized sand of the sewer fill and not
on top of it. The structural damage to the sewer might
also be a consequence of recent dynamic impact from
WWII bombing. An aerial photograph from April
1945 (Fig. 3) shows numerous bomb craters in the
close vicinity of the sewer. All buildings north and
south of the street Kleine Budengasse are destroyed,
and three large bomb craters are directly above and in
the immediate neighborhood of the crack in the sewer
roof.
3.3 Octagon
The foundations of the Octagon (Fig. 4), the former
25–30 m high central part of the Praetorium (building
phase IV) shows the most obvious damages among all
objects in the study area. The massive 1.5–2.25 m
wide walls are completely cracked, and the eastern
section of the Octagon moved down in the direction
of the natural slope. This damage was already taken by
Precht (1973) and Hinzen and Schütte (2003) as a
clear indication of a collapse of the upper part of the
Octagon. With the CVM, we are able to quantify the
details of the damage. A total of 37 cross-sections of
the Octagon show inclinations of the eastern part of
9.15° in maximum. Inclinations of the walls in the
range of the northern hall of the Praetorium show a
clear decreasing trend from east to west. The front wall
of the Praetorium phase IV (porticus gallery) is also
inclined eastward (Fig. 4). This up to 2-m wide wall is
cut by cracks at three locations. The most severe crack
displaces the northern part by 0.26 m in the vertical
direction with respect to the southern side of the crack
that has a horizontal opening width up to 0.3 m. This
fracturing of the foundation caused heavy structural
damage of the upgoing wall and occurred at a location
where a massive opus caementicium foundation in the
south changes to a pile grading foundation in the
north. The wall from building phase III highlighted
in Fig. 4 is inclined up to 13.7° between the Octagon
walls and up to 15° north of it. Large uncertainties
exist in the timing of these events; however, a chro-
nology is given in the discussion paragraph.
3.4 Porticus
The section named Porticus by the archeologists is
located at the southeastern side of the study area
(Fig. 5). It contains parts of the southern extension of
the building phase III of the Praetorium and parts of
the Medieval hospital of the Jewish quarter. Cross-
section from the CVM show intact Medieval walls
Fig. 3 Aerial photograph of Cologne taken in April 1945. The
photo with an original scale of 1:7,000 was georeferenced and
cropped to the same outline as the contemporary photo in Fig. 1;
however, the oblique perspective was not completely compen-
sated. Contours of major Roman and Medieval features are
shown in red, the section of the Roman sewer which shows
the large 14 m roof crack is hatched. Arrows mark bomb craters,
which are best visible in the open squares and streets (photo:
Luftbilddatenbank Ing.-Büro Dr. Carls, Estenfeld)
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built against the facade of the Praetorium of building
phase III which is inclined up to 8° towards east
(Fig. 5). The fracture and rotation of a large tuff block
of a Roman foundation wall could be identified as
result of a recent anthropogenic action. Excavation
photographs of the campaign in the 1950s show the
block intact.
3.5 Roman well
The freshwater well is one of the 10 wells located in
the southern part of the study area. These include wells
from the Roman period as well as Medieval and more
recent constructions. However, even the younger wells
cut through the Roman buildings. The well under
study, located within the apse in front of the current
Cologne city hall (Fig. 6), has a depth of 13.2 m and is
constructed from 359 trachyte blocks arranged in 36
layers. The upper 5.5 m of the well are in perfect
condition due to rebuilding in the tenth century CE.
The repair happened after the well was heavily de-
formed, indicated by still existing damage below this
depth of 5.5 m. With a special support system, which
can be fixed pneumatically at any depth to the well
(Fleischer et al. 2010), 20 scans were recorded to
include the construction in the CVM.
The model shows block layer inclination towards
east at angles up to 11°, and in addition, the circular
well is deformed to an ellipse with the short axis in
NW–SE direction. Best-fitting planes for the surface
Fig. 4 a Orthographic view from above to the virtual model of
the northern section of the Cologne Praetorium, the Octagon is
located in the southwest corner of the figure. Red and green
symbols indicate the position of 94 scanner measurement points
from a higher and lower level, respectively. b Perspective view
of the virtual model of the foundations of the Octagon. The
colored wall section is from the third II/III building period,
while the Octagon was built in period IV. c Result of the damage
analysis of the northern section of the Praetorium. Blue arrows
indicate inclination of walls or wall sections, red crosses mark
the location of major cracks, green circles are horizontal gap
openings, and the yellow circles include areas affected by WWII
bomb explosions. A distance of 10 m separates major tick marcs
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of each building block were calculated and the devia-
tion of the plane normal from the horizontal direction
determined (Fleischer et al. 2010). When the 2.5 m
sediment fill of the well was excavated in 2008, a
wooden construction was found at its base sitting in
fine-grained sand. Between the completion of this
excavation in 2008 to the time of the lasers canning
in 2009, the depth of the well decreased from 13.2 to
12.5 m due to seeping sand.
3.6 Cesspit and hypocaust floor
Following Schütte and Gechter (2011), the antique
building in the center of the town hall square (Fig. 6)
was in use in early Medieval times prior to the year
800 CE as a synagogue. While the antique building
had a central room and an adjoining northern and
southern room, the synagogue was reduced to the
central room after 800 CE. The walls of the central
part were obviously repaired. The southern room was
given up; however, the northern room was in use after
some repair, indicated by a new floor found in parts of
the former northern annex (Schütte and Gechter 2011).
A large cesspit located in the northwestern corner
underneath the synagogue was excavated between
summer 2008 and spring 2010. It has a diameter of
2.3–2.5 m, and the excavation reached the final depth
of the structure at 42.97 m above sea level (asl). The
8.3 m deep cesspit built from 60 to 70 layers of small
to medium tuff blocks was statically unstable and the
walls had to be stabilized and reconstructed succes-
sively when the fill was removed. Schreiber et al.
(2012) describe in detail the scanning procedure and
implementation of the cesspit in the CVM. At a depth
between 49 and 47 masl, the walls of the cesspit are
heavily deformed and damaged. The severity of defor-
mation indicates that only fill in the cesspit prevented
the structure from a collapse. The fill is archeologi-
cally dated to the middle of the fourteenth century,
giving a terminus ante for this damage. At the bottom
Fig. 5 a Orthographic view
from above to the virtual
model of the Porticus sec-
tion of the excavation (see
Fig. 1). Green symbols indi-
cate the position of eight
scanner-measuring points. b
Perspective view towards
northwest to the virtual
model of the Porticus area.
The colored part is inclined
Roman arc wall which is
shown in detail in c. The
blue arrows in c indicate
inclinations and the red
crosses the location of major
cracks. A distance of 10 m
separates major tick marcs
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of the cesspit, the same kind of sand exists which was
found behind the cesspit walls and beneath a neigh-
boring profile of a collapsed hypocaust floor.
The colored scan in Fig. 7 reveals the following
stratigraphy of the collapsed floor (from bottom to
top): (1) fine sand of minimum 0.8 m depth extension
as derived from two auger cores and (2) clay layer of
0.5–0.6 m thickness. It is not clear whether the clay
layer is a natural deposit or whether it was embedded
(possibly in Roman times) for leveling purposes. The
clay is overlain by (3) a foundation of basalt fragments
that support the (4) 0.1–0.15 m thick pavement from
the end of the first century CE. On top of this early
antique pavement, a second, 0.05–0.1 m thick, late
antique pavement follows. This pavement is overlain
by the (5) rectangular hypocaust tiles stacked to pillars
with a height of 0.8–0.9 m. Above the (6) broken
floor, remnants are preserved (7) bluestone tile floor
fragments. On top of this, destroyed hypocaust struc-
ture a 0.3–0.7 m thick (8) leveling layer was placed
and a (9) Carolingian floor is the profile top. The
concave bending and inclination of 12° of unit (4)
indicates a substantial subsidence on the northern side
of the profile. A sample from the loam layer beneath
Fig. 6 a Orthographic view
from above to the virtual
model of the eastern section
of the Medieval synagogue,
the apse, and the Porticus
area (see Fig. 1). The green
symbols indicate the posi-
tions of individual laser
scans. Major tick marcs are
separated by a distance of
10 m. b Orthographic view
from south to the cesspit of
the synagogue. The heavily
damaged section between 47
and 49 masl is shown
unrolled in c. Here, color is
superposed on the virtual
model and the red arrows
indicate deformation of 348
individual tuff blocks. d and
e Perspective views towards
the virtual model of the
apse, before and after the
start of the excavations, re-
spectively. In between d and
e an orthographic view from
south to the Roman well is
shown (Fleischer et. al.
2010)
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the floor was radiocarbon dated with 93 % probability
to 809–980 calCE calibrated with OxCal v4.1.7
(Bronk Ramsey 2009; Reimer et al . 2009;
Rethemeyer 2011, personal communication). This
physical dating result is in contrast with the archeo-
logical context that requires a deposition of this layer
prior to the first Roman floor.
In the northeastern corner of the former northern
room of the synagogue (Fig. 1) a pit was found and is
still being excavated during the compiling of this
paper. The pit was filled with debris, archeologically
dated to the pogrom of 1349. At 48–49 masl, a mas-
sive foundation, possibly Roman concrete, is overlain
by a Medieval wall. The concrete foundation is in
places broken and inclined (Fig. 8) causing a collateral
deformation of the Medieval block wall. This location
was where, ca. 1000 CE (Schütte and Gechter 2011),
the women’s synagogue was built as an annex to the
main synagogue building in the south. The pit’s fill
clearly indicates that some sort of basement existed
underneath the women’s synagogue. A C14 sample
was taken from the soil about 40 cm behind the broken
base (Fig. 8) using a sample liner. The sample was
dated to 855–975 calCE with 84 % probability. This
can be assumed as the period during which at least the
Medieval top part of the structure in Fig. 8 was built,
as the sample originates from the trench necessary
to build the wall. Assuming that this wall was
intact when the women’s synagogue was built on
top of it, the damage must have occurred after
1000 CE.
3.7 Mikveh
The 14 m deep mikveh (Fig. 1) reaches down to a
level of 36.7 masl. The main shaft is rectangular with
a size of 4.1×3.7 m. The shaft shows a small inclina-
tion towards south of 1.5°±1.4° on average. The base
of the basin in the mikveh is deep enough to hold fresh
ground water, usually throughout the whole year. It
sits directly on fine-grained sand. North of the shaft at
a level of 45.6–48.5 m asl, two walls, probably part of
a former entrance, show heavy structural damage due
to subsidence (Fig. 9). The original positions of the
horizontal tuff block layers including a single and a
double supporting arch on the east and west side,
respectively, could be reconstructed on the basis of
the CVM. The arches are subsided 0.4 m at their
southern end. The single arch in the east and the upper
Fig. 8 a Virtual model of
the structurally damaged
wall at the northeastern side
of the pit underneath the
women’s synagogue
(Fig. 7). The virtual planes
(gray) were used to quantify
the tilting of the structures.
The arrows indicate the
location of cracks. b The
location of the radiometric
dating sample
Fig. 7 Virtual model of a profile through the collapsed hypocaust
system under the synagogue floor. The colored lines indicate: 1 top
of the naturally deposited loam, 2 Roman screed, 3 collapsed
hypocaust tiles, 4 remains of the hypocaust ceiling, 5 former tiles
of the heated floor, 6 rubble, and 7 screed of repair floor. The black
arrow indicates the tilt of the late antique pavement
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arch in the west are at the same height. Below the
upper western arch the wall continues downward with
a masonry section of 0.5 m and a second arch. With a
distance of 3.5 m between the walls, this might be an
indication that the arches are the tops of a ca. 8°
inclined former entrance pathway; however, a proof
of this assumption would require deeper excavation,
which is difficult due to the static conditions. The
northern end of the arches was found to rest in loose
sediments without any foundation; no explanation has
been found for this so far.
Large basalt columns were found horizontally lay-
ered underneath the arch on the east and underneath
the second, lower arch on the west side. These basalt
columns were probably not part of the original con-
struction but could have been placed to support the
subsided (or subsiding) structures. On top of the dam-
aged section, several floor levels were built at eleva-
tions between 47.2 and 47.7 masl. These date to the
time between the eleventh and fourteenth century CE.
3.8 Damage pattern
All damage listed above directly involves or is at least
compatible with strong subsurface deformations with-
in the slope and artificial fill in which the structures
are found or directly related to fine isolated sand
lenses. If they were of seismogenic cause, the damage
must therefore be classified as secondary damages as
already indicated by Hinzen and Schütte (2003).
Typical primary vibration-induced damage (i.e.,
Galadini et al. 2006; Hinzen 2011) such as corner
stone expulsion, shear wall cracking, and toppled
walls have not been found in the study area. The
damage patterns as recorded in the CVM are either
within the range of the slope of the river terrace, i.e.,
Praetorium, parts of the sewer, the Porticus, the apse
with the Roman well, or on top of the terrace, i.e.,
synagogue buildings with the cesspit, mikveh, and
Medieval residential buildings. While the former in-
clude mainly tilted constructions, the latter are all
Fig. 9 a Perspective view
from northwest towards the
virtual model of the Medie-
val mikveh. The top section
is formed by the modern
protective construction of a
glass pyramid and an en-
trance room proceeding
downwards via the staircase
and the basin. The dashed
yellow line indicates a sec-
tion of the wall that was cut
away from the model to al-
low the view inside the
staircase. b Orthographic
view from above to the
mikveh; major tick marks
are separated by a distance
of 5 m. Green symbols indi-
cate the position of individ-
ual scans, and the red labels
correspond to the two
orthographic views of the
eastern (c) and western (d)
wall of the former entrance
to the mikveh. In c and d,
the colored lines indicate
corresponding sections of
the damaged walls
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primarily consequences of subsidence. However, the
block displacements in the western section of the
northern sewer, the cracked roof of its eastern section,
and the reworked sediments do not fit into the damage
patterns listed above.
4 Subsurface
The current morphology in the central part of Cologne
city shows only weak traces of the original depositional
environment before the city development began over
2,000 years ago. In some sections, more than 10 m of
artificial fill overlies the natural deposits. Our new mod-
el is based on 358 elevation data of the natural ground
from boreholes, auger cores, and trenches or archeolog-
ical excavations and is based on the previous model by
Hinzen and Schütte (2003), the data presented by
Holthausen (1994) and numerous sources are listed in
Table 1. The model comprises 0.9 km2 of the Cologne
city center. Figure 10 shows a perspective view of the
digital terrain model formed by the Lower Terrace
deposits in the center of Cologne. It includes the eastern
part of the CCAA and is from west to east structured
into the Lower Terrace plateau (the location of the
flood-safe Roman colony), the former side arm of
the Rhine River, and a peninsula. At the eastern-
most edge, the model includes the course of the
Rhine River. The model was created by a standard
Kriging technique.
Heavy anthropogenic alterations of the relief intro-
duce uncertainty into the reconstruction of the original
structure. In addition, the auger cores do not always lend
themselves to a ready differentiation between naturally
deposited and anthropogenic reworked flood loam. The
area inside the Roman city wall (Fig. 10) is 47–52 masl
corresponds to 8–14 m above the average Rhine River
level at Roman times at 38.86 m (Köhler 1941). This
level is only 4 dm higher than the current average level
of 38.46 masl (STEB 2009). The side arm of the Rhine
River was connected to the actual riverbed at the north-
ern end. It has been intensively debated in the literature
whether a harbor existed in this sidearm of the river at
Roman times (i.e., Schultze et al. 1885; Lückger 1919;
Köhler 1941; Doppelfeld 1953; Hellenkemper 1980;
Wolff 2000). The model presented in this paper does
not show a connection to the riverbed at its southern
end, and with an average water depth of 1.87–3.65 m, it
would have been only accessible by boat from the
northern opening. However, accessibility during low-
water levels of the Rhine River is questionable if no
dredging of the flood loam at the entrance was made.
A profile from west to east through the elevation
model at the location of the town hall square was used
to construct a 2D finite element model of the subsurface
that was later used to study slope stability and seepage
effects of rain water (Fig. 11). The layers include Tertiary
sediments, Quaternary deposits of the Lower Terrace,
flood loam, side arm fill, and artificial fill on top of the
slope. Table 2 shows the key geotechnical properties of
these materials based on Erdbaulaboratorium Essen
(2002, 2005), Budny (1984), the engineering geological
map of Cologne (Geologisches Landesamt NRW 1986),
and laboratory and in situ testing during this study. The
relations between shear modulus and damping to strain
(Kramer 1996) for these materials were taken from Seed
and Idriss (1970) and Vucetic and Dobry (1991). The
depth extent of the fine sand layers correlates with the
observations made in the archeological excavation. This
model was used for static and dynamic slope stability
studies and for a seepage analysis as described below.
5 Earthquake ground motion model
5.1 Seismotectonic model
Based on a model of active faults in the LRE, which
Hinzen (2005a) used in an archeoseismological study
of the Roman fortification walls of Tolbiacum, the
updated model shown in Fig. 12 was derived. In this
Table 1 Source, type, and number of data used for the con-
struction of a digital terrain model of the study area
Source Type Number
Holthausen (1994) M, A, B 161
Erdbaulaboratorium Essen (1998) B 28
Institut Geotechnik Offer (2000) B 10
Erdbaulaboratorium Essen (2002) B 91
Erdbaulaboratorium Essen (2005) B 26
Umwelttechnik (2008) B 33
Seismogical Station Bensberg (2009) B 4
Tillsmanns and Partner GmbH (2009) B 5
Total 358
M map, A archeological excavation, B borehole
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current model, faults on the eastern side of the Rhine
River have been included. Relocated earthquake hypo-
centers from the so-called Pulheim series in 1977 with
a maximum magnitude of ML 3.7 and five earthquakes
east of the Rhine River since the year 2000 with
maximum ML of 1.6 are an indication of recent activ-
ity. Due to the close proximity of these faults to the
studied objects, they were considered in a worst-case
scenario, though it is not certain whether these were
active during Quaternary times (Vanneste et al. 2012).
A total of 16 fault segments assumed active and pos-
sibly responsible for earthquakes with magnitudes
above 6, labeled S01–S16 in Fig. 12 was selected for
the deterministic calculation of the dynamic load in the
study area. Table 3 lists source size and location with
respect to the site. The range of moment magnitudes,
from MW 6.36–6.97, agrees with published estimates
of the maximum MW for earthquake in the Lower
Rhine Embayment (i.e., Ahorner 2001; Schmedes et
al. 2005; Hinzen and Reamer 2007). Even though
earthquakes of this size have return periods of more
than 5,000 years (Ahorner 2001; Hinzen and Reamer
2007), they were used as “worst cases” for the deter-
ministic modeling of the slope stability. All earth-
quakes were assumed to be normal faults with a
bilateral rupture and a rupture velocity of 2.0 km/s.
For all modeled fault segments, a complete rupture has
been assumed.
Fig. 10 a Perspective view of the digital elevation model; the
section marked by the orange rectangle is shown enlarged in b.
1, 2, and 3 indicates the Lower Terrace, the former side arm of
the river, and the (pen-)insula east of the Roman city, respec-
tively. The colored isolines indicate water levels of the Rhine
River: green flood level of 1784 (maximum recorded level of all
times), orange average level during Roman times (Köhler
1941), blue current average level, and olive low level in 2003
(STEB 2009). The dotted rectangle indicates the study area and
the straight black line shows the trend of the Roman city wall.
Tick marks are separated by a distance of 200 m. Black crosses
show the location of data points in the study area
Fig. 11 2D geotechnical model of a west–east section through
the study area. The deposited material is indicated by color, the
geotechnical parameters are given in Table 2. The dashed blue
line indicates the ground water table at 38.86 m. The black arc
indicates the slip surface with the smallest FS among the 729
tested; entry and exit points of the 729 slip surfaces were placed
along the red lines; the green dot shows the center of the circular
slip surface. The gray mesh shows the finite elements used in
the dynamic calculations. The dashed rectangle indicates the
part of the model which is shown in detail in Fig. 17
J Seismol (2013) 17:399–424 411
5.2 Ground motion
Synthetic seismograms were calculated with the pro-
cedure suggested and implemented by Wang (1999).
The elastic Green’s functions from a 1D half space are
first calculated, and in a second step, three-component
seismograms for an extended earthquake source are
derived. The Green’s functions were determined for
101 discrete distances from 0 to 200 km and 50 depths
from 1 to 41 km. The parameters of the layered earth
model (Fig. 13) below the Moho were taken from
PREM (Dziewonski and Anderson 1981) and the
crustal structure follows a 1D model optimized for
the northern Rhine area (Reamer and Hinzen 2004).
Site effects of the upper 40 m were not taken into
account because these are part of the finite element
model used to study the slope stability. The corner
frequency of the source spectrum was set to 20 Hz
and a rupture velocity of 2.0 km/s was used.
Figure 14 shows the peak ground acceleration
(PGA) and the significant strong motion duration for
the three ground motion components and all 16 earth-
quakes. The latter is the time-span between exceeding
5 % and reaching 95 % of the total Arias intensity
(Kramer 1996). The values are in a range from 11 to
28 s, and PGAs are from 0.15 to 11.6 m/s2. The latter
is reached in the EW component for earthquake S04,
the one with the smallest distance to the fault line;
however, it is not known if this fault was active in the
Quaternary.
5.3 Slope stability
The 2D FE model (Fig. 11) was used to study (1) the
static slope stability, (2) the deformation of the slope
during earthquake ground motions, represented by the
strong motion synthetics described above, and (3) the
possible permanent deformation during shaking
Table 2 Material parameters of the seven layers of sediments used in the geotechnical model of the subsurface (Fig. 11)
Unit Specific weight (kN/m³) Poisson’s ratio Cohesion (kPa) Internal friction angle (°) k (at saturation) (m/s)
Anthropogenic fill 17.00 0.21 0 27.0 5.00E-03
Flood loam 18.00 0.23 20 25.0 5.00E-08
Fine sand 14.50 0.33 0 32.0 1.00E-03
Coarse sand 1 19.00 0.25 0 33.0 5.00E-03
Coarse sand 2 19.00 0.25 0 33.5 5.00E-03
Quarternary 20.50 0.21 0 36.0 2.00E-02
Tertiary 19.00 0.21 0 35.0 5.00E-03
Fig. 12 Seismotectonic
model of the Lower Rhine
Embayment. Circles give
the seismicity 1975–2010
following the catalog of the
Seismological Station Bens-
berg (Reamer and Hinzen
2004; Hinzen and Reamer
2007). The gray lines show
the major faults of the sedi-
mentary basin. Heavy black
lines labeled S01 to S16 are
segments assumed as single
seismic sources. The param-
eters of these sources are
given in Table 3. The white
star shows the location of
the study area in the city
center of Cologne
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including, (4) the time-dependent variation of the fac-
tor of safety (FS) for all earthquake scenarios. The
calculations were made with the commercial
Geostudio 2007 software (GeoStudio 2007). The ini-
tial stress conditions were calculated with the ground
water table assumed at 38.9 masl. A total of 729
potential circular slip surfaces were considered, and
the range of entry and exit points is shown in Fig. 11.
The sliding masses were divided into 30 vertical sli-
ces. For each slice, the resulting sum of driving and
resisting forces is calculated (Kramer 1996). Slope
stability is expressed through the FS which is 1.0
when equilibrium between driving and resisting forces
exists and FS>1.0 if the sliding block is stable. The
minimum value for all included slip surfaces is 2.541


















































































































































































































































































































































































































































t Fig. 13 Distribution of P-wave velocity, vP, S-wave velocity,
vS, density, ρ and Q-factors for P- and S-waves, QP and QS,
respectively, in the 1D model used to calculate Green’s func-
tions. The parameters follow PREM (Dziewonski and Anderson
1981) and Reamer and Hinzen (2004)
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equilibrium. The slip surface with the minimum FS
and a radius of 8.6 m is shown in Fig. 11.
The static analysis of the slope was complemented by
a dynamic calculation. Earthquake ground accelerations
alter the ratio of driving and resisting forces of potential
slip surfaces (Kramer 1996). Depending on the ampli-
tude and direction of the ground motion, static FS may
be increased or decreased. When the FS falls below 1.0
during shaking, permanent deformations occur. The
ground accelerations for the 16 earthquake scenarios
were applied to the base of the 2D FE slope model.
The EW component was applied in the horizontal direc-
tion combined with the vertical motion. The vertical
model boundaries were fixed in the vertical directions
and free in the horizontal direction. Figure 15 shows the
FS as a function of time for the slip surface with the
lowest FS value under static conditions for the 16 sce-
narios. The smallest FS reached during the shaking is
between 2.223 for scenario S09 and 1.426 for scenario
S04, corresponding to a reduction of 13–44 %, respec-
tively (Fig. 16). As expected, the minimum FS values
roughly scale with the PGA. However, even for the
simulated MW 6.78 earthquake S04 with a PGA
exceeding 1 g, the FS stays well above 1.0 indi-
cating a stable slope even under extreme ground
motion conditions. In addition to the FS, excess
pore water pressure was monitored during shaking
to detect possible liquefaction in the slope model.
With the water table at the average Rhine River
level, no liquefied sections were observed.
6 Hydrological model
As stated above with the exception of the northern
sewer, all other damage throughout the study area
involved a downward movement, partial downward
movement, or predominantly eastward inclinations of
structural elements. In addition to compaction and/or
liquefaction of loose sediments during earthquake
shaking, seepage-generated suffusion and erosion can
also induce settlement of surface structures (e.g.,
Crosta and di Prisco 1999; Farifteh and Soeters
1999; Jones 2004). Unconsolidated isolated sand
lenses lacking cohesion require special attention. For
seepage through these layers, the fine fraction can
Fig. 14 Peak ground accel-
erations (PGA) and signifi-
cant durations (SD) for the
16 earthquake scenarios
shown in Fig. 12 and listed
in Table 3
Fig. 15 Factor of safety for the slip surface shown in Fig. 11 as
a function of time for 16 earthquake scenarios (see Fig. 12)
indicated by the labels in the upper right corner of each plot. The
time windows are 30 s for all plots; in order to include the
significant ground motions, the starting time varies. The numb-
ers on the bottom left give the time delay between the source
time and the start of the FS graph in seconds. The difference
between the actual time-dependent FS and the equilibrium of
FS01 is indicated by the gray-shaded areas. The numbers in the
bottom right corner show the minimum FS during the shaking
of the slope
b
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easily be mobilized and transported to the underlying
gravel–sand layers by contact suffusion. Prior to major
construction and/or significant alterations of the subsur-
face due to human activities, the flood loam prevented
penetration of large amounts of water into the slope
during rainstorm events. However, with numerous con-
struction pits cutting through the loam, more and more
potential flow paths were created. In order to investigate
the hydraulic characteristics of the slope, the 2D model
(Fig. 11) was extended to a seepage analysis
(Fig. 17). The conductivity of the material is based
on the geotechnical map of Cologne (Geologisches
Landesamt NRW 1986) and is listed in Table 2.
Rainstorm events were simulated by implementing
boundary conditions for the model surface based on a
rainstorm with a 100-year return period following
contemporary models (STEB 2011, personal commu-
nication), assuming a similar climate during the late
Roman Medieval period. For current conditions, this
storm event is estimated with 1.136×10−5 m/s of
precipitation lasting 3,600 s. As the whole study area
was densely covered with buildings and sealed surfa-
ces, we estimate a concentrated inflow of water on the
2D model by taking into account the flow of a 4–10 m
wide section.
The Romans installed and maintained an elaborate
dewatering system in CCAA. Fresh water was brought
to the city by a 100 km long aqueduct from the Eifel
Mountains. The constantly running water had to be
systematically drained to the Rhine River. The two
sewers bordering the study area in the north and the
south were essential parts of the dewatering system.
Already in the fourth century CE, due to lack of
maintenance, accumulated sediments began to block
the sewers and after the decline of the Roman Empire,
the system ceased to function. Ingenious dewatering
canals also existed underneath the Praetorium. It may
be assumed that these were also no longer maintained
after the Roman period, and the previous well-
controlled water runoff of the study area ceased to
function.
To simulate the effect of construction pits cutting
through the loam layer, three voids of a width of 0.4 m
were placed west of the edge of the slope (Fig. 17).
Figure 18 summarizes results of a series of 15 tests with
an increasing width of the water collection section
showing seepage through three surfaces placed above
and below the loam layer and at the top of the
Quaternary material of the terrace (Fig. 17). Each seep-
age surface had a length of 6 m. The seepage was
monitored from the start of the rainfall to a total time
of 8 h, which is 7 h longer than the rain lasted. For rain-
collecting surface with a width of up to 5 m, no signif-
icant amount of water penetrates the loam layer.
However, a further increase in width of the collecting
zone causes a significant water flow into the slope. The
amount of water increases from 2.28 to 7.46 m3 for a
rain-collecting surface of 5.25–10mwidth, respectively.
For a width of this surface larger than 7 m, a
significant amount of water reaches even the
Quaternary layer within 8 h. The flow through the
second measuring section below the loam layer is
heavier than through the measuring section above, as
a strong flow develops from west to east, down the
slope on top of the loam. A part of this flow enters the
voids without having crossed the top-measuring sur-
face the same way water flows into a gully. For com-
parison, the seepage for the three measuring surfaces
for a model without the voids is shown for the stron-
gest inflow from a 10 m wide section. Without the
voids, basically all water flows down the slope on top
of the loam layer, resembling the situation before
building construction began and dewatering became
uncontrolled. The basic seepage model shows that for
Fig. 16 Factor of safety (FS) for the statically least-stable slip
surface versus the peak ground acceleration for 16 (labels)
earthquake scenarios. The final factors of safety are those deter-
mined for the slope after all earthquake ground motions have
ceased; the minimum FS are the smallest values reached during
the shaking (compare Fig. 15)
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a heavy rainstorm, significant amounts of water can
penetrate the voids in the loam layer and reach the
groundwater level within a few hours.
7 Discussion and conclusions
The Lower Rhine Embayment is a young sedimentary
basin with typical intraplate seismicity (Camelbeeck et
al. 2007; Hinzen and Reamer 2007). The strongest
instrumentally recorded earthquake in 1992 had a
MW 5.4. Historical seismicity includes stronger events
like the 1756 Düren earthquake (MS 5 ¾ (Camelbeeck
et al. 2007)) and the 1692 Verviers earthquake
(MS 6 ¼ , (Camelbeeck et al. 2007)). In such a situa-
tion where larger earthquakes are rare, any information
about former damaging earthquakes is of crucial im-
portance for hazard evaluations. Several palaeoseismic
studies in the area have shown that stronger earth-
quakes than those of the historic record occurred dur-
ing Holocene times (MW≥6.3, Camelbeeck and
Meghraoui 1998; Vanneste and Verbeeck 2001;
Vanneste et al. 2001, 2008). The northern Rhine area
has been occupied since Neolithic times and building
activities began with the arrival of the Romans in the
first century CE and lasted four centuries. This situa-
tion suggests that earthquakes have left their marks in
the form of damage to buildings of the past two
millennia. While Hinzen and Weiner (2009) showed
that the hypothesis of a seismogenic cause of damages
to a Neolithic water well was not plausible even
though it was located in close proximity to one of the
major active faults of the Lower Rhine Embayment,
Hinzen (2005a) found strong arguments for earthquake
damage to the Roman city fortifications of Tolbiacum,
an important road junction west of Cologne. While time
estimates for the damage contain large uncertainties,
radiocarbon dating indicates the second half of the
fourth century CE.
Possible earthquake damage has also been pro-
posed for a rural Roman building (Hinzen 2005b),
for the Carolingian Cathedral of Aachen (Reicherter
et al. 2011), and Roman structures in the city center of
Cologne (Hinzen and Schütte 2003). The latter include
structures studied in detail in this contribution. While
Doppelfeld (1956), Precht (1973), and Wolf (2000)
argued for static settlements as the cause of this
Fig. 17 Enlarged section of
the 2D slope model used for
seepage study. The blue
arrows labeled Q1, Q2, and
Q3 are the seepage control
surfaces above and below
the loam layer and in the top
of the Quaternary terrace.
Arrows above the surface
indicate the boundary con-
dition of a rainstorm. The
location within the full
model is indicated in Fig. 11
Fig. 18 Results of seepage modeling during a heavy rainfall with
1.136×10−5 m/s precipitation (100-year rainstorm for Cologne;
STEB 2011, personal communication). The model takes into
account an increasing width of a zone from which water reaches
the top of the profile from 4 to 10 m. Q1, Q2, and Q3 give the
seepage volume crossing through three measuring surfaces within
the model (Fig. 17). Gray and black symbols show the seepage
after 4 and 8 h measured from the beginning of the 1-h rainfall
duration, respectively. The crosses and open circle show the
seepage for a model without voids in the loam layer
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damage, Hinzen and Schütte (2003) argued for a more
sudden event. Recent excavations (Schütte and
Gechter 2011), new exploratory fieldwork, laboratory
measurements, and the CVM of the excavation area
offer a comprehensive database to document the cause
of manifold damage.
The CVM compiled in this study facilitates a
detailed analysis of all structural damage. The
prevailing damage patterns are subsided and in-
clined foundation walls of Roman and Medieval
origin. However, dating of the damage is in most
cases affected by large uncertainties or a question
of interpretation of the archeological contexts
(Fig. 19). The new model of the natural subsur-
face, which is based on 350 single observations,
provides a means for correlation of damage with
the morphology of the study area. All major in-
clined structures including the eastern part of the
massive Octagon of the Praetorium, the Roman
wall in the Porticus, and the deformed and
repaired Roman well, are located within the range
of the slope of the Pleistocene Lower Terrace
(Fig. 10). The major subsided structures, i.e., the
entrance of the mikveh, the collapsed hypocaust,
and the remains of deformed Medieval residential
buildings, are located on top of the terrace. The
isolated sand patches, which occur in the range of
the slope as well as on top of the terrace must
also be considered in the stability analysis. The
distribution and structure of the damage pattern
cannot be explained explicitly by seismically in-
duced slope movements. An additional argument
against earthquake-induced slope movement as a
cause of damage is the slope stability indicated
by our model calculations and the lack of typical
shear fractures and corner expulsions in the walls.
When utilizing geotechnical parameters from in
situ and laboratory tests placed under the load of
the largest assumed earthquakes, and including
isolated sand layers in the slope model, the dy-
namic factor of slope safety stays well above equi-
librium for the earthquake scenarios of activated
local faults (Fig. 15).
Several structures were damaged later than the
proposed time of the collapse of the Praetorium
(Fig. 19). The heavily damaged cesspit of the
Medieval synagogue was built in the first half of
the tenth century CE and the damage likely oc-
curred in the fourteenth century CE (Fig. 19). It is
not clear when the walls in the entrance area of
the mikveh were damaged; however, 14C dates
indicate, that the basin of the mikveh was rebuilt
around 1000 CE. Subsided walls of residential
buildings in the Jewish quarter and a staircase
from Late Medieval times (Fig. 19) are strong
indicators for a recurrent instability of the subsur-
face as opposed to a single, sudden catastrophic
event that damaged all structures in the study area.
The date of the damage of the Roman well located
within the apse on the town hall square (Fig. 6) cannot
be reliably determined. However, the well was
repaired in the tenth century CE. Assuming that dam-
age and repair were not separated by centuries, this
result is a further argument for several damaging
events.
A systematic summary of the results of an arche-
oseismological study becomes possible through a
plausibility matrix, introduced by Hinzen (2005b)
and Galadini et al. (2006). The matrix combines the
observed and analyzed damages from a site with pos-
sible causes by stating whether the ith cause is feasi-
ble, questionable, or unfeasible for a the jth damage
which is counted as cij0+1, 0, and −1 for each cause/
damage combination, respectively. A plausibility in-
dex pj is then calculated for each damage by:




2  n ð1Þ
which is a number between 0.0 and 1.0.
Figure 20 shows the plausibility matrix for the
major damage in the study area. A total of 11 different
damaged sections of the study area are combined with
six possible causes including: (1) slow static settle-
ment, (2) natural deterioration, (3) flooding from the
Rhine River, (4) anthropogenic action (war, water
procurement from wells), (5) earthquake dynamic
loading, and (6) subsurface erosion.
Effects of explosions from WWII bombs are found
at several places in the excavation. In the northeastern
Praetorium, a direct hit, marked in Fig. 4, destroyed a
5-m long section of a foundation wall. In total, some
150,000 bombs were dropped on Cologne during
WWII. The last and largest bombing of Cologne was
on March 2, 1945. The aerial surveillance photograph
(Fig. 3) taken in April 1945 documents several bomb
hits on the eastern section of the northern sewer.
Taking into account that the bomb that damaged the
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Praetorium first penetrated the multistory city hall
above it before reaching the underlying Roman foun-
dations, it is feasible that the hit on the road above the
sewer caused the structural damage in the sewer, in
particular the crack in the concrete ceiling. Assuming
a depth of the bomb crater of 2–3 m, the explosion of a
direct hit occurred only 4.5–2.5 m above the roof of
the sewer. Sewer damage from bombing during WWII
is also reported at other locations, i.e., in Newcastle
upon Tyne and Sunderland (Ray 1996).
Additional anthropogenic causes are the collateral
extraction of fine-graded sand during the water pro-
curement from numerous wells and additional loading
to subsurface structures due to younger constructions.
The first effect was deemed a feasible cause for the
damage to the Roman well and the Late Medieval
staircase and its surroundings. The bulging of sand
into the Roman well in the apse after it had been
excavated is a clear indication of a persisting mobility
of wash dirt in the subsurface of the study area. The
Fig. 19 Timeline for the Roman and Medieval constructions
in the city center of Cologne. Eight sections of the study
area are labeled on the left of the column diagrams. Gray
sections indicate construction periods, green columns high-
light the time periods during which the constructions were
in use; red-colored columns indicate possible times of dam-
aging events and blue stands for reconstruction or repair
times. Fading colors represent large uncertainty in the
timing, and capital letters A mark anthropogenic damages
Fig. 20 Plausibility matrix
linking seven damage sce-
narios (rows) with 12 dam-
age patterns in the study area
in the city center of Cologne
(see text for details)
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additional loading from artificial fill and constructions
is counted as questionable for the structural damage of
the sewer. This results in a plausibility index of p0
0.27. Natural deterioration, or wear and tear, (p00.09)
is unfeasible for all structures with the exception of the
sewer and cesspit. For these two objects, it is counted
questionable. Wear and tear could explain the spalling
from the sidewalls of the sewer and the cesspit defor-
mation. However, deterioration has not caused the
sewer roof deformation. In these cases, wear and tear
is rated questionable. While (repeated) flooding from
the Rhine River is a feasible explanation for the
mobilized sediments in the sewer, flooding is ques-
tionable or even infeasible for most of the other damage
(Fig. 20) resulting in an index of p00.32.
We assigned slow static settlements as a questionable
but not completely impossible cause for six of the dam-
age types and feasible for the cesspit. The reworked
sediments that filled the sewer and the collapse of the
hypocaust under the synagogue were not caused by slow
static settlement. Due to the lack of any traces of repair
attempts, we consider it also infeasible for the broken
Octagon. The index for this damage cause is 0.36.
A seismogenic cause is counted feasible for the
structural damage of the sewer as well as the mobili-
zation of its sediment fill and for the collapsed hypo-
caust. The deformed cesspit is most probably not a
result of coseismic damage. For all other structures,
the seismogenic cause is rated as questionable because
they do not exhibit direct vibration damage but are a
consequence of subsurface deformation. In addition,
the results of the model calculations showed the sta-
bility of the slope and the improbability of liquefaction
even during strong ground motions. The p value for a
seismogenic cause is 0.59.
With the exception of WWII bombing, the most
recent damage (cesspit and Jewish quarter) date to
the fourteenth and fifteenth century CE. Covering a
time span from the fourth to the end of the tenth
century CE, and in case of the sewer up to the twelfth
century CE, the damage to the Roman structures (well,
apse, sewer, Praetorium, Porticus) are not precisely
dated (Fig. 19). The time of damage to the mikveh in
the tenth century CE overlaps with most of the long
time windows for the damage to Roman structures,
however, not with the relative short window for the
Praetorium at the end of the eighth century CE. This
timeline argues for at least three separate damaging
events in addition to the WWII destruction.
While written sources around 800 CE are scarce
due to the destruction wrought by the Norman inva-
sions (881/882), it is unlikely that strong damaging
earthquakes later than 900 would be missing from the
historic records. Ground motions capable of generat-
ing the heavy secondary damage in the study area
require an earthquake that would have caused wide-
spread damage in and around Cologne and outlying
areas. Therefore, even if the occurrence of the earth-
quake was suppressed in Cologne for political reasons
(a natural catastrophe would have likely been inter-
preted as a heavenly punishment), its effects would
have been recorded elsewhere. This absence-of-
written-evidence argument also applies to a multiple
earthquake hypothesis, at least with respect to the more
recent damage; however, comprehensive research in
historic archives (i.e., Byzantine) would be worthwhile.
The subsurface erosion and/or internal and contact
suffusion, especially of isolated sand lenses above the
gravel sands of the Lower Terrace, are considered a
feasible explanation for nine of the 11 damage areas
(Fig. 20), resulting in p00.82. The seepage models
show that for a punctured flood loam layer, the hy-
draulic conductivity of the subsurface is high enough
to quickly transport large amounts of water towards
the sand layers during rainstorm events. Large parts of
the study area were hydraulically sealed; this applies
to the Praetorium itself but also to the current town
hall square. During the imperial period, a sophisticated
and well-maintained dewatering system existed in
Cologne. In addition to rainwater accumulation, the
water from the Eifel aqueduct with a maximum daily
discharge of 21,000 m3 (Brinker 1986) required drain-
age towards the Rhine River front and ultimately into
the river. Due to the fast progressing sedimentation of
the northern sewer in the fourth century CE (Schütte
and Gechter 2011), the sediments, which even includ-
ed several dog skulls, are a clear indication of a lack of
maintenance and a rapid decline of the dewatering
system. Several water channels existed under the foun-
dations of the Praetorium. A major drainage canal
conducted rainwater from a collecting basin northwest
of the Octagon, part of the CVM, towards the area in
front of the Octagon, where it met with other canals in
front of an outlet through the Praetorium front façade.
If these and other drainage systems were no longer
maintained after the Roman period, as with the north-
ern sewer, uncontrolled seepage was the likely cause
of damage.
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The massive foundations of the front wall of the
Praetorium directly east of the Octagon reaching a
depth of 42.7 masl (which is 3 m deeper than in the
western part of the Octagon, (Precht 1973)) and con-
sisting of opus caementicium show that the Roman
engineers were aware of stability problems in this
area. This interpretation is supported by several retain-
ing walls from earlier periods within the terrace slope.
The change in the foundation toward the north to a
much more simple pile grading foundation has so far
been interpreted as a consequence of two building
phases. However, an additional reason could be the
original topography and that the engineers adjusted the
strength of the foundations to accommodate the geo-
logical conditions of the subsurface, for example, in
form of sand lenses. The deformation analysis based
on the CVM indicates a deficiency of ∼20 m3 in the
subsurface east of the Octagon foundation. This is
roughly equivalent to a 0.5 m thick sand layer stretch-
ing over an area of 5×8 m, and it is plausible that such
an amount of material was washed out. Taking into
account that the grain size of the analyzed sand lenses
from the outcrops in the excavation are highly sensi-
tive to subsurface transport (Prinz and Strauss 2006)
and that given the climate conditions, heavy rain-
storms, especially during summer season would not
be unusual, repeated internal suffusion, contact suffu-
sion, and finally erosion becomes a feasible cause for
damage.
The collapsed hypocaust floor under the synagogue
shows an inclination of 200 mm/m (1:5) at its base
where it is sitting on top of an isolated sand lens. State-
of-the-art engineering knowledge (i.e., Prinz and
Strauss 2006) predicts substantial fractures in walls
and structural damage at inclinations of 1:150 and
total loss of buildings at 1:20, four times less than
our observation. The convex bend of the subsurface
(Fig. 7) introduced significant tensile forces in the
concrete floor on top of the tile columns, leading to a
collapse of the structure. This makes a subsidence due
to sediment loss a feasible explanation of the hypo-
caust collapse.
The structural damage of the structure underneath
the women’s synagogue including the extrusion of a
part of the massive foundation together with its 3.3°
inclination in the lower part is compatible with a
washout of sediments in the subsurface in the north-
eastern corner of the women’s synagogue. The wom-
en’s synagogue is only 5 m from the Roman well that
showed even recent sediment bulging during the ex-
cavation. Sharp-edged fractures cutting through
blocks of the upper Medieval section are an indicator
of a sudden event. From the archeological context, it is
not yet clear whether the lower Roman and upper
(possibly) Medieval sections were damaged at the
same time. If the damage occurred concurrently a
vibration-induced damage is not likely; vibrations
strong enough to break and shift parts of the strong
Roman foundation, would have severely damaged or
even collapsed the rather fragile Medieval top con-
struction (Fig. 8).
The damage rated as not feasibly produced by
seepage (Fig. 20) occurs in the northern sewer. A
possible explanation for the mobilized sediments is
the repeated Rhine River flooding and the structural
damage, especially the cracked roof of the eastern
sewer section, is offered by the dynamic impact of
WWII bombing.
Hinzen and Schütte (2003) estimated liquefaction
potential in the uppermost 3 m of the Praetorium site
with factors of safety of 1.02 based on a simple level-
ground liquefaction analysis. However, our updated
subsurface model and the ground water table data
indicate that such shallow sections stay dry even dur-
ing high water levels of the Rhine River. The
groundwater-saturated layers are more than 10 m be-
low the surface, and due to the large overburden are
unlikely to liquefy, an interpretation, which is also
supported by our dynamic slope stability calculations.
Based on the data acquired in the frame of this
study (including the comprehensive virtual model
and the subsurface model) and the current status of
the excavation, a seismogenic cause of all the damages
is less probable than previously hypothesized. In par-
ticular, the results of the slope stability tests indicate a
subsurface stable even under significant dynamic
loading. Barring new data with a clear suggestion of
earthquake damage from the planned excavations of
the southern part of the Praetorium, we favor the
interpretation of seepage effects and subsurface ero-
sion as explanation for the settlement-induced build-
ing failures in more than one event and WWII
bombing in case of the broken sewer roof.
Subsurface mobility of sandy material is also dis-
cussed as a possible cause of the dramatic collapse
of the historic Cologne city archive in 2009, which
was located next to a subway construction site on the
Lower Terrace of the Rhine River.
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